A. Repo and A. Arkkio Abstract: The estimation of electrical parameters of a cage induction machine is studied. First, the steady-state parameters are estimated using two-dimensional finite element analysis (FEA) with the assumption of sinusoidal time variation. Next, a numerical impulse response test using timestepping FEA is utilised to produce the voltage-current data for the small-signal model parameter estimation. The method is based on the assumption of linear behaviour near the operating point and the choice for the suitable excitation signal is studied. To distinguish the influence of the skin effect, the impulse response test is also performed for the corresponding slip-ring machine. The parameters are estimated from the frequency response function of the stator line current using differential evolution. The results of the FE simulations are compared with measurements.
Introduction
Time-stepping finite-element analysis (FEA) is an accurate and widely applied method in the study and simulation of electrical machines. With the numerical magnetic field analysis, features that can be difficult, expensive or even impossible to measure can be explored. On the other hand, electrical machines usually operate in connection with control circuits, power electronics, components of electrical grid and mechanics causing a complex interaction. The computation capacity often limits the use of comprehensive models and a simpler analytical model for the machine is required in many applications.
The purpose of this work is to study whether the accurate information on the machine behaviour provided by the numerical field solution can be compressed into the form of an analytical model. This is done by estimating the parameters of the analytical model using the simulation data provided by the finite-element analysis. For estimation of the parameters of the equivalent circuit, the voltagecurrent model is the most straightforward approach. Several papers have been presented on estimating the parameters by fitting a voltage-current model to measured data [1] [2] [3] . In sensorless control of induction machines, the signal injection is widely applied in the estimation of the parameters and rotor speed [4] [5] [6] . When modelling the electrical machine within the FEA, the steady-state parameters are derived from the time harmonic field solution. In [7] [8] [9] [10] , the parameters are derived supplying the stator and rotor conductors in turn and solving the induced magnetic field. In [11, 12] , the basic circuit parameters are obtained from the simulated no-load and locked-rotor tests. In [8] and [13] , the transient behaviour of the machine is modelled using dynamic inductances, which are calculated within the timestepping FEA.
The starting point of this work is the impulse method introduced by Tenhunen [14] and expanded by Holopainen [15] . The time-consuming forced whirling method was replaced by an impulse test providing data from a wide frequency range for identification of a parametric force model. The impulse excitation was applied to the displacement of the rotor, and from the response of the force acting between the eccentric rotor and stator, the parameters of the force model could be estimated. In the case of the force model, the impulse method has given good results and the idea of expanding the use of it has arisen.
An electrical machine is a highly nonlinear system and, if the impulse method is applied, it is assumed that the system can be linearised in the neighbourhood of some operating point. In the case of a voltage-current model, this means that, for small perturbations in the voltage, the response of the current can be approximated with a linear model. In the frequency domain, every frequency in the input should excite the system only at that same frequency. In the case of the force model, the frequency responses of the forced whirling method and the impulse method coincide well, indicating the linearity of the system. Corresponding to the forced whirling method, a continuous sinusoidal signal, referred to as harmonic excitation, is added to the stator voltage supply. The frequency response function (FRF) is also measured using harmonic excitation.
An incremental magnetic field excited by a voltage or current impulse faces an incremental permeability of the nonlinear core. The parameters of the small-signal model are related to the incremental permeability. In the steady state, the RMS currents, fluxes and voltages and the related circuit parameters are associated with the effective permeability [16] . Harmonic analysis is used for estimating the steady-state parameters and those are also defined by measurements. The small-signal model parameters are noted with lower-case letters and the steady-state parameters with capital letters.
Analytical models

Stator current model
For estimation of the electrical parameters of the equivalent circuit, the most straightforward approach is to use a 
To use currents as variables, the flux equations (3) and (4) are substituted into the voltage (1) and (2) . The rotor current is eliminated substituting equations (2) 
The parameters are the stator resistance r s , rotor resistance r r , magnetising inductance l m , stator leakage inductance l ss and rotor leakage inductance l sr . The stator and rotor self inductances l s and l r are sums of the magnetising inductance and the corresponding leakage inductance. In this work, this voltage-current model is used as a physical model fitted to the simulated frequency response data.
More advanced current-voltage models
The induction machine model derived from the space-vector theory with physically meaningful parameters is sufficient in many applications. However, model (5) does not include all the features presented by FEA, such as the saturation and the skin effect in the rotor bars. Smith et al. [17] have proposed a more advanced state-space model, which takes into account the skin effect. In the model, one or more additional rotor branches are included in the basic equivalent circuit when the rotor currents of the new branches act as additional state variables. A more complex rotor model has been proposed by Sudhoff et al. [18] . The steady-state equivalent circuit is modified by replacing the rotor impedance with a transfer function, the order and coefficients of which are estimated from a measured frequency response.
Methods for parameter estimation
A 37 kW cage-induction motor with closed rotor slots is studied. The rated values are given in Table 1 and the shape of the rotor and stator slots are shown in Fig. 1 . The estimation methods are based on two-dimensional FEA, where the effects of the end-rings and stator end windings are taken into account by the end resistances and inductances. The details of the methods are given in [9] . The finite-element mesh consists of 1516 second-order triangular elements. The rotor is unskewed. In the simulations, the temperature of the stator windings is 981C and rotor cage 1351C. The stator resistance given to the FE model is 0.083573 O.
Impedance method
In the case of magnetically linear material and steady-state condition, the time dependence can be eliminated using phasor variables. The assumption does not hold for nonlinear materials or when the rotor is rotating but it is often used to simplify the problem. The method utilising harmonic analysis is referred to later on as the impedance method.
Arkkio [9] has applied the concept of the impedance matrix [7] to derive the steady-state parameters of the equivalent circuit. The impedance matrix defines the relation between potential differences and currents, and when the potential difference is known, the impedance matrix and the current vector can be found iteratively. The reluctances of the elements given by the nonlinear field solution are fixed in order to separate the couplings between the windings. The impedance matrix is constructed supplying a current to one stator phase or rotor bar at a time and solving the magnetic field for the linearised material. The parameters of the equivalent circuit can be calculated from the components of the impedance matrix taking into account reference of rotor quantities to the stator.
Impulse response test and harmonic excitation
In this work, the impulse test is performed numerically within a 2D time-stepping finite-element analysis, which includes the magnetic saturation, skin effect in the rotor bars and rotation of the rotor. The impulse test is carried out as follows. At the beginning of the test, the electrical machine is in the steady state. The impulse excitation is added to the steady-state line-to-line 
where o s is the angular supply frequency, and o and a are the angular frequency and phase angle of the impulse. In the simulations, both o and a are chosen to be zero. With these assumptions the disturbed line-to-line stator voltage v bc þ Dv bc , for example, is
Two different types of voltage impulses are tested. The amplitudes of the voltage impulse are defined by (8) (voltage impulse 1) and (9) (voltage impulse 2):
wherev is the amplitude of the steady-state line-to-line voltage and t 1 is the time step at the beginning of the impulse. The relative amplitude a rel and the line-toline voltage define the magnitude, and the frequency f d and duration time t d define the frequency contents of the impulse [19] . The time step of the FE analysis is 50 ms and the total number of time steps is 40 000 in order to obtain a frequency resolution of 0.5 Hz without any zero padding. The impulse test is performed twice with both a positive and a negative amplitude a rel using the same initial steady state. The impulse excitations and corresponding responses obtained are subtracted from each other in order to cancel the frequencies that are naturally produced by the electrical machine in its normal operation. Since model (5) is derived for the phase variables, Du s is computed from the voltages across the stator phase windings and Di s from the phase currents. These are transformed to the frequency domain using FFT and from the ratio the FRF of the stator current is obtained.
The impulse has to excite all the frequencies within the frequency range studied. The length of the impulse defines the frequency range in which the frequency content is nonzero. If f d is 100 Hz and t d is 5 ms, the frequency content of voltage impulse 1 is nonzero between À 400 and 400 Hz. The maximum amplitude is in the middle of the impulse in the time domain and at DC in the frequency domain. The first term of voltage impulse 2 has maxima at À 200 and 200 Hz, where the gain for the current is already quite low. The nonzero frequency range is also À 400 to 400 Hz, except at DC where the frequency content is zero. This is corrected with a second term similar to impulse 1 but with amplitude multiplied by coefficient c.
The magnitude of the impulse has to be small enough to produce a linear response. On the other hand, very small amplitudes may cause problems with numerical accuracy. Here, the relative amplitudes a rel of 0.05, 0.1 and 0.15 were tested for voltage impulse 1. For voltage impulse 2, a rel was 0.05 and the coefficient c was varied between 0.01 and 0.1. Figures 2 and 3 show the frequency contents of Du s with voltage impulses 1 and 2, when a rel is 0.05 and c is 0.02.
The FRF can also be produced frequency by frequency using the harmonic excitation. The additional frequency peaks caused by saturation can be neglected and therefore the obtained FRF is considered as an ideal FRF. The test is performed replacing the impulse with a continuous sinusoidal signal:
The influence of the impulse phase angle a was studied using the harmonic excitation at frequencies 15 and 25 Hz. When a was varied between 0 and 901, the difference between the FRFs was found to be less than 0.01%. Figure 4 slows the FRF of the current produced by voltage impulse 1. It gives the highest energy at low frequencies where the current gain is high owing to the small stator resistance. The low-frequency current component causes saturation, which can be detected as additional peaks in the frequency region 50-100 Hz and around À 200 Hz. Decreasing a rel to 0.01 does not improve the shape of the FRF significantly. Figure 5 shows the FRF produced by voltage impulse 2 compared with the single frequency points simulated by harmonic excitation. When using voltage impulse 2, the amplitude of the impulse at low frequencies is reduced. When c is between 0.05 and 0.1, low additional peaks in the frequency range 50-100 Hz are still detected. With c ¼ 0.01, the denominator is close to zero at DC. Choosing c ¼ 0.02 is a compromise that gives a relatively good result. The FRFs from the harmonic and impulse excitations differ mostly in the range À 25 and 0 Hz. For an electrical machine, the iron parts are saturated at the rated load and some additional frequency peaks can be expected to appear in the current response. Also, the motion of the rotor causes dispersion of the frequencies. If the machine is supplied from a current source, the impulse can be added to the stator current:
whereî is the amplitude of the steady-state line current. For the current impulse, relative amplitudes within the range 0.01-0.3 are applied. Changing the amplitude shifts the curves mostly in the range À 20 to 20 Hz but the maximum difference is only 4%. The general shape of the FRF is very close to the FRF simulated using voltage impulse 2 (Fig. 5) , which is chosen for the parameter estimation.
Skin effect with modified FE model
Besides the saturation, model (5) with constant parameters cannot include the skin effect, which can be especially significant with this rotor slot shape (Fig. 1) .
cage-induction machine omitting the skin effect in the rotor bars. The effect of saturation can be removed by replacing the nonlinear materials of the FE models with linear ones. The only difference between the two linearised FE models is that, in the case of the slip-ring machine, the current density is constant in the cross-section of the rotor slot. Figure 6 shows the FRFs for the linearised cageinduction and slip-ring machines. The difference between the rotor models changes the shape of the FRF visibly. Because the small-signal parameters of the linearised slipring machine are constant in the whole frequency range, based on Fig. 6 , one can assume that for the cage-induction machine they are frequency-dependent.
Estimation algorithm
The parameters are estimated by minimising the error between the simulated FRF and the FRF given by model (5) . The cost function I is defined as
where n is the index and N is the length of the data vector. Subscript m refers to the FRF obtained from the impulse method and subscript e refers to the FRF from model (5) with parameter estimates. Evolutionary algorithms have become the most widely applied methods in a large variety of optimisation problems. The main advantage of an evolutionary algorithm is that the form of the cost function can be arbitrary since the algorithm only needs the value of the function, not the derivatives. Here, a method called 'differential evolution' has been chosen. It has been proved to be fast and robust in multivariable search [20] . All five parameters cannot be identified unequivocally from the external data using global optimisation [2] , so the optimisation problem is constricted assuming the stator and rotor leakage inductances to be equal. 
Impedance method
First, the steady-state parameters of the cage-induction and slip-ring machine were calculated using the impedance method. The results are given in Table 2 . The parameters were also calculated at different values of the supply voltage and slip. Figures 7 and 8 show that the values of the rotor resistance and rotor leakage reactance ( f s ¼ 50 Hz) vary significantly with the slip.
Impulse response test
First, the parameters of the linearised FE models are estimated. The FRF of the linearised slip-ring machine is fitted to model (5) using the whole frequency range À 200 to 200 Hz since the parameters are independent of frequency. The FRF of the linearised cage-induction machine is fitted so that the stator resistance is fixed to the value of the FE model to simplify the problem. The frequency range is limited to 49.5-50.5 Hz in order to find the parameters related to the rated operation point, since the rotor quantities are likely to vary along with the frequency. Zero padding is used to obtain a resolution of 0.01 Hz.
Similar estimation procedures are performed for the nonlinear slip-ring and cage-induction machines. The accuracy of the fit is evaluated calculating the average relative error:
About 50 iterations are needed to find the minimum of (12) . The parameters obtained for the small-signal model are given in Table 3 . The reactances are calculated from the estimated inductance values using a supply frequency of 50 Hz. The small-signal parameters were also estimated by fixing the ratio between the leakage inductances to the ratio given by the impedance method (Table 2) . With this assumption, the fit is equally accurate and the performance of the model remains the same. The sum of the leakage inductances and the value for the magnetising inductance increase by 2%. The value of the rotor resistance increases by 2-4.7%. The largest increase occurs in the nonlinear cases.
Next, the parameters of the cage-induction machine were estimated piecewise for the range -150 to 150 Hz similarly as for the rated load at 50 Hz. For the leakage inductance, a reasonable value was found quite rapidly almost in the whole range studied. In the range À 20 to 20 Hz and around 100 Hz, finding the minimum takes 2000-3000 iterations. The same regions are also problematic for the (5) is not so sensitive to the value of the magnetising inductance since only about 10% of the stator current flows through the magnetising branch. Nevertheless, the fit is very accurate. The relative error between the simulated FRF point and the FRF point calculated from the parameter estimates varies between 0.005 and 0.08%.
The values of both the magnetising inductance and the leakage inductance have a maximum at 50 Hz. The rotor resistance has a minimum between 45 and 50 Hz. The estimated rotor resistance is shown in Fig. 9. 
Measurements
Measurement of steady-state parameters:
The steady-state parameters were also estimated from the results measured in a temperature-rise test. The stator quantities were measured using a power analyser, the mechanical ones with a torque transducer. The machine was first run at the rated load to a thermal equilibrium. After reaching a steady state, the load was stepwise reduced by 10%. A series of 20 measurements was made just before the load change and another one immediately after the load change. A similar sequence of measurements was repeated when the load was increased by 10%. The measurement results are given as average values in Table 4 .
The parameters were estimated using the results of the impedance method (Table 3 , column 1) as initial values. The rotor resistance, stator leakage reactance and magnetising reactance were varied according to (14) :
The ratio between the leakage inductances was calculated from the initial values and the stator resistance was constant. Using all the combinations of the parameters, the stator current and electromagnetic torque were calculated and compared with the measured values. The parameter values that minimise the total square error are given in Table 5 .
Measurement of FRF with harmonic excitation:
Some points from the FRF were measured using the harmonic excitation to validate the simulated FRF. The 37 kW motor was fed from a 50 Hz, 750 kVA synchronous generator and run at the rated load long enough to reach the thermal steady state. A harmonic, three-phase excitation voltage was taken from a variable frequency, 150 kVA synchronous generator and injected to the supply line of the 37 kW test motor via a three-phase current transformer. The measurement setup is shown in Fig. 10 .
The frequencies injected one by one were 10, 15, 20, 25, 75, 100, 125, 150, 200, 250 Hz, and both the negative and positive phase sequence was applied. Four different excitation amplitudes were used at each frequency. These amplitudes ranged from 0.3 to 1.3% of the rated voltage at the lowest frequency, and were between 1.6 and 6.3% at the highest frequencies. The voltages and currents of the test motor were measured and recorded at a 70 kHz sampling frequency using a three-phase power analyser.
The frequency response without the harmonic excitation contains peaks at the supply frequency 50 Hz and at À 250 Hz, which is the fifth harmonic produced by the induction machine itself. Changing the excitation amplitude has an effect mainly at the frequencies À 20-10 Hz and 10-20 Hz, but there does not exist any clear pattern. In the simulations, the relative amplitude was changed linearly according to the frequency. From the measurements, the closest relative amplitude giving a reasonable result is chosen for the comparison. Table 6 gives the chosen relative amplitudes, and Fig. 11 shows the relative difference between the measured and simulated FRF points. The FRF at À 250 Hz is distorted by the fifth harmonic, but otherwise the FRFs at higher frequencies correspond to each other relatively well. The real parts at low frequencies deviate the most. The impulse excitation can be applied to the machine in a similar way as the harmonic excitation. However, the fundamental frequency and slot harmonics should be filtered from the excitation and response signals before calculating the FRF. This problem has not yet been solved.
Discussion
Parameter estimation
Previously, FEA has been used to obtain the steady-state circuit parameters [7] [8] [9] [10] [11] [12] [13] . However, small-signal parameters are required for adjusting the control algorithms. In this work, these parameters are obtained from the results of the time-stepping FEA.
The nonlinearity of the core materials and skin effect of the conductors cause problems for small-signal parameter estimation. These factors are not present in the linearised slip-ring motor, and the parameter estimation works well. For the linearised cage-induction motor, the skin effect of the rotor bars is relatively strong and a constant-parameter model is valid only within a narrow frequency range.
Dividing the frequency range into short intervals, piecewise constant parameter values can be found. For the linearised machines, the parameters estimated from the numerical impulse test agree well with the steady-state parameters obtained from the impedance method.
The parameter values obtained from the impulse test are related to the incremental permeability. The harmonic analysis of the impedance method utilises an effective permeability and gives related circuit parameters. In a linear material, these two quantities are equal, and equal parameters are to be expected. For a saturated machine, the two methods are expected to give different circuit parameters, especially inductance values. Based on the fundamental difference discussed above, the parameters from the impedance method are valid to model the total RMS currents and voltages. The parameters estimated from the numerical impulse test serve better for the purpose of control.
Frequency response function
When using voltage impulses, the choice of the impulse magnitude near DC had a significant influence on whether harmful saturation and distortion of the FRF occur. The parameters of the cage-induction machine were estimated using a very narrow frequency range, which makes their values sensitive to the local perturbations in the FRF. If a current impulse is applied instead of voltage, the effect of saturation can be reduced since the admittance at the DC is large. When using voltage impulse 2, the amplitude can be refined so that an excessively high transient in the current can be avoided.
In the harmonic excitation, all the simulated FRF points were synchronised to the supply voltage. In the measurements, this is the case only at 725 and 7100 Hz. The basic simplification of the two-dimensional FE analysis is that it cannot model the core losses or the skin effect in steel laminations and stator conductors. Even so, the simulated and measured FRF points are relatively close to each other within the ranges À 250 to À 25 Hz, and 25 to 250 Hz.
In the performed simulations, one impulse response test took about seven hours since 40 000 time steps were computed. If only the first 10 000 time steps and zero padding are used to obtain the FRF with the same frequency resolution, the parameters at 50 Hz differ from the first ones in the third decimal place. When using less than 5000 time steps the shape of the FRF becomes distorted. Shortening the simulations may become especially useful, when a wider frequency range is studied. For example, with the impulse length 1.0 ms, the frequency range is expanded to À 2000 to 2000 Hz. To obtain the same amount of data from the impulse, the step size of the FE analysis has to be reduced to 10 ms and the total simulation time becomes five times longer.
Continuation
If the skin effect in the rotor bars is included in the FE model the rotor parameters vary along with the frequency. Then, the basic circuit model with constant parameters is sufficient only for a narrow frequency range, representing only one operation point. In future, a more advanced analytical model capable of including the skin effect will be looked for. The impulse response test will also be developed further in order to minimise the nonlinear behaviour of the machine. The impulse test will also be performed by measurement. 
Conclusions
The applicability of the numerical impulse response test in estimation of the small-signal model parameters has been studied. Because of the nonlinear nature of the electrical machine, the choice of the excitation signal is very important. In the case of the slip-ring machine, the parameter extraction for a wide frequency range was successful. The parameters of the cage-induction machine are frequency-dependent and they had to be estimated piecewise for one operation point at a time. Saturation can create additional frequency components and therefore the piecewise estimation is more sensitive to local flaws in the frequency response data. Even so, reasonable parameter values can be found also for the cage-induction machine.
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